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ABSTRACT 
A computer analysis 
of a switched resisto
r state 
variable filter is m
ade. The purpose of t
his work is to 
study and analyze nu
merically a state va
riable filter, 
and investigate the 
effect of the switch
ed resistor on 
the state variable f
ilter. 
The present work is 
concerned with chang
ing the 
filter cutoff freque
ncy (Wo) widely (from 2.2
 E03 rad./ 
sec. to 105 E03 rad.
/sec.) without changing t
he quality 
factor (Q) of the st
ate variable filter. 
This is achiev-
ed by changing the a
pparent value of a f
ixed resistor by 
modulating the switc
hing frequency and d
uty cycle of a 
CMOS analog switch c
onnected in series w
ith the resistor. 
This work also shows
 the mathematical an
d computation-
al techniques requir
ed ·for computer aide
d design and anal-
ysis of the switched
 resistor state vari
able filter. A 
computer program was
 developed by using 
an averaging tech-
nique to eliminate t
he noise introduced 
by the CMOS analog 
switch. The results 
show that the compu
ter simulation for 
the model developed 
was compatible with 
the results from 
the mathematical sol
ution. 
-1-
CHAPTER I 
INTRODUCTION 
The main purpos
e of the presen
t work is to sho
w how 
the frequency r
esponse of an a
ctive filter ca
n be changed 
by means of tun
ing a basic sta
te variable filt
er circuit. 
/· 
A switching tec
hnique was used
 on state varia
ble filters. 
It changes the 
apparent value 
of a fixed resi
stor by mod-
ulating the fre
quency and the 
duty cycle of a
 CMOS analog 
switch connecte
d in series wit
h the resistor.
 The integrat-
ing capacitors 
of the filter w
ill average out 
the rapid on 
off input curre
nt fluctuations
 to some interm
ediate value. 
This chapter di
scusses switche
d-resistor filte
rs and 
their equivalen
t networks. Als
o discussed is 
a comparison 
between switche
d-resistor and s
witched-capacit
or filters, 
and why we chos
e a switched-re
sistor approach 
in the present 
work. We then d
iscuss the CMOS 
analog switch a
nd its advan-
tages. 
1.1 TUNING METH
ODS 
The cutoff freq
uency of an ac
tive filter can
 be var-
ied by changing
 the resistor o
r the capacitor
 values in an 
integrator, suc
h as that shown
 in Figure (1-la). 
Since it 
is difficult to
 change the cap
acitor value, w
e will change 
the resistor va
lue using two a
pproaches. The 
methods de-
scribed here in
clude switched 
capacitor and s
witched-
resistor integr
ator techniques
. 
-
2 -
l 
l 
-
-
R C 
l 
-
Fig. ( 1-la) Basic integrato
r. 
-
-
-
Fig. (l-lb) Switc~ed-capaci
tor integrator. 
R 
-
-
Fig. (l-lc) Switched-resisto
r integrator. 
- 3 -
l 
1 
-
Vz 
1 
-
-
The switched capacitor i
ntegrator is represente
d by 
Figure (1-lb). Switch Swl :is 
driven by the clock ~l 
and 
Sw2 by <pi . When Swl is ope
n, Sw2 will be closed, a
nd 
when Swl is closed, Sw2 
will be open. Figure (1-2) sh
ows 
the waveforms of the tw
o-phase clock. It is req
uired that 
~J and t2 have the same frequency 
and also that they be 
non-overlapping, so tha
t when cp I is on, p2 will be 
off, 
and vice versa. The term
 "on" implies a positiv
e high 
voltage and the term "o
ff" implies a negative l
ow voltage. 
The other approach is a 
switched resistor networ
k as 
shown in Figure (1-lc). The i
ntegrating capacitor wi
ll 
average out the rapid on
-off input current fluct
uations 
due to switching to some
 intermediate value. 
Switched-capacitor filte
rs have received consid
erable 
attention since they of
fer the possibility of r
ealization 
in integrated MOS tech~o
logy. Some papers have b
een pub-
lished concerning the an
alysis of switched-capa
citor 
state-variable filters. 
The paper by s.o. Scanla
n {2] 
treated the theoretical 
and practical aspects o
f the sub-
ject. The paper presented the d
esign and analysis of .~
witch-
ed-capacitor filters of 
the state variable (LEAPFROG 
type) 
in which the sampling ra
te must be at least twic
e the 
highest frequency of in
terest. The effects due 
to sampling 
of the signals were ful
ly taken into account a
nd an exact 
synthesis was derived. T
his allowed the sampling
 rate to 
- 4 -
\. 
t ( sec) 
t(secl 
Fig. (1-2) Voltages of a two-phase clock generator. 
Observe that when cf,1 is "on" q,2 is "off" and vice versa. 
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be treated as 
a design param
eter which inf
luences the m
ax-
imum attenuati
on level in ·t
he stop-band a
nd the require
d 
capacitance v
alues. 
Since there is
 no series re
sistor (except th
e switch) 
with the switc
hed capacitor
 compared with
 the high ser
ies 
resistor in th
e switched-re
sistor integra
tor, there wi
ll 
be higher curr
ent pulses wh
ich will creat
e noise in th
e 
switched capac
itor integrato
r. 
Other errors c
ould occur in 
the switched-c
apacitor 
network due to
 : 
1. Offset erro
r caused by lea
kage current 
between 
sampling perio
ds which shows
 up as a comp
onent of 
output voltage
 offset, 
2. Random nois
e, 
3. Non-linear 
p-n junction capac
itance between
 
switches, 
4. Incomplete 
transfer of ch
arge. 
The switched r
esistor metho
d dose not su
ffer from the 
above problem
s. It was deci
ded to use the
 switched res
istor 
network for a
nalysis becaus
e of its much 
lower inheren
t 
noise level. 
1.2 THE ADVA
NTAGES OF CMOS
 ANALOG SWITCH
; 
A switch havin
g the required
 characterist
ics for this 
application is
 a CMOS analog
 switch. CMOS 
(Complementary 
-
6 -
Metal-Oxide-Semi
conductor) analog sw
itches provide la
rge 
voltage handling 
capabili~y, low p
ower dissipation,
 low 
leakage and direc
t TTL/CMOS interf
ace capability f
or max-
imum design flex
ibility. In addit
ion, for a CMOS s
witch, 
the "on" resistan
ce resulting from
 a parallel comb
ination 
of n and p chann
el devi?es is tha
t the effective r
esis-
tance is almost 
constant over 
a wide analog sig
nal range 
as shown in Figu
re (l-3}. The most si
gnificant advanta
ge 
of the CMOS struc
ture is its abili
ty to handle larg
e volt-
ages, allowing s
ignal swings to 
the voltge supply
 level. 
A CMOS switch ha
ving the required
 characteristic 
for this 
purpose is the C
D4016A available 
from most CMOS m
ost man-
ufactures (RCA, Moto
rola, Signetics, F
airchild, SSS, et
c.) 
SSS, etc.) 
In Chapters 2 thr
ough 6 the follow
ing will be discu
ssed: 
Chapter 2 deals 
with the circuit 
analysis of state
 vari-
able filters the 
transfer function
 of the band-pas
s filter, 
and the state va
riable filter wit
h FET switches. 
Chapter 3 introdu
ces the mathemat
ical model, the tr
an-
sient analysis, 
and a mathematica
l approach which 
solves for 
the coefficients
 of the model. Th
en a sample calc
ulation 
for the coeffici
ents as shown. 
Chapter 4 is con
cerned with the S
PICE and Fortran 
pro-
grams and the cir
cuit simulation 
for the op-amp a
nd CMOS 
-
7 -
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switch. A compute
r analysis of the
 switched resisto
r state 
variable filter i
s presented to ca
lculate the coeff
icients 
of the mathemati
cal model. Also d
iscussed is the e
limina-
tion of the noise
 introduced by th
e switches. 
Chapter 5 present
s the results. L
astly, Chapter 6 i
s 
the conclusion. 
-
9 -
CHAPTER II 
STATE VARIABLE FILTE
R 
2.1 INTRODUCTION: 
This chapter will d
iscuss the basic sta
te variable 
filter circuit conf
iguration. The solu
tion procedure 
for the transfer fu
nction for the band
-pass filter is 
given. How we can a
lter the filter cuto
ff frequency for 
this device will be
 presented. 
State variable filte
rs (universal active fil
ters) are 
used in many comme
rcial active filters
 due to their low 
sensitivity to comp
onent variations,and
 flexibility. It 
offers the three fi
lter types (low pass, ba
nd pass,and 
high pass) simultaneous
ly. 
2.2 CIRCUIT DESCRIP
TION: 
Figure (2-1) describes t
he basic state vari
able cir-
cuit configuration 
being analyzed in th
is work. The basic 
advantages of this 
circuit are that th
e center frequency 
(Wo) and the quality fac
tor (Q) can be varie
d indepen~ 
dently of one anoth
er and independently
 of gain. It is 
also possible to va
ry these parameters
 over a wide range. 
From the basic circ
uit it can be seen 
that the low-
pass response is ta
ken from the second
 integrator. The 
high-pass response 
is obtained by summ
ing out of phase, 
-
10 -
H.P. 
-
-
8.P. L.P. 
-
-
-
-
Fig.(2-1) Basic circuit 
for a state variable
 filter 
-
11 -
the low-pass 
response with
 the input wh
ich cancels ou
t all 
frequencies u
p to the cent
er frequency. 
Above the cen
ter 
frequency, th
e low-pass re
sponse disapp
ears, allowing
 the 
input voltage 
to pass throug
h the summer 
as a high-pass
 out-
put. 
The band-pass 
response can 
be considered 
as the int-
egral of the s
um of the ~ig
h-pass and low
-pass outputs.
 
The high-pass
 output provid
es a decrease 
in attenuation
 as 
frequency inc
reases up to 
the center fre
quency, being
 inte-
grated to prov
ide an increas
e in attenuati
on above the 
cen-
ter frequency
. Since the t
ime constants
 are the same
 for 
both integrato
rs, an output
 will be obtai
ned only wher
e 
the responses
 overlap. 
Figure (2-2) show
s the basic co
nfigurations w
hich are 
assembled to m
ake the total 
circuit. From
 Figure {2-2a) by
 
using the node
 voltage appro
ach: 
Vn - Vi Vn
 Vn - Vo 
+ ~ + 
= 0 
(2-1) 
Rl R2 
R3 
l 1 l 
1 1 
Vn (~ + +
 ----) = Vi 
+ Vo 
{2-2) 
Rl R3 R2 
Rl R3 
Let Rl = R3 = 
R 
2 X R2 + R 
l 
Vn( =
 
( Vi - Vo ) 
R X R2 
R 
-
12 -
1 
Vour 
1 VIN 1 
-
-
Fig. (2-2b) 
R7 Rg 
-
-
Fig. (2-2c) 
Fig.(2-2) Basic subcircuit configuration 
- 13 -
R2 ( Vi - Vo ) 
Vn = 
2 X R2 + R 
2 X R2 + R 
Where Q = 2 X R2 
l 
Therefore Vn = - ( Vi + vo ) 
Q 
From figure (2-2b) 
- Va - wo 
= Vb= 
s X Cl X R4 
l 
Where wo = R X C 
By letting R4 =RS= R 
And Cl= C2 = C 
From Figure (2-2c): 
x va 
s 
R6 R6 
- - Vl V3 = V2 ( 1 + ----R7 R7 
Let R6 = R7 = R 
Therefore V3 = 2 x V2 - Vl 
(2-4) 
(2-5) 
(2-6) 
(2-7) 
(2--8) 
(2-9) 
information from Figures (2-ll and (2-2) shows the system 
!n Figure (2-3) a block diagram combining the 
basic form. From here it is a simple matt·er to solve for 
the transfer function, vo/Vi. 
- 14 -
V1 
Fig.( 2-3) Block diagram from the basic circuit 
of fig. ( 2-1 ) 
- 15 -
Vz 
( Vi + Vo ) 
Vl = - V2 
Q 
Wo X Vl 
Vo= 
s 
s x Vo 
Irnpl ies Vl = - Wo 
Wo X Vo 
V2 = -
s 
Combining equations (2-1), {2-2), an
d (2-3) 
s X Vo 
= { 
Wo 
Vi 
Thus, -- = 
Q 
and finally, 
= -
Vo 
Vi s + s 
l Wo X Vo 
Vi + Vo ) -+ 
Q s 
Vo s X Vo WO x Vo 
+ + 
Q Wo s 
S X WO / Q 
Wo / Q ) + WO 
(2-11) 
(2-12) 
(2-14) 
This is the common form of the t
ransfer function. To-
gether with Figure (2-3) this shows cle
arly how the Q and 
the Wo are controlled through m
ultiple feed-back paths,· 
assuming the components were ide
al. 
- 16 -
2.3 STATE VARIABLE
 FILTER WITH FET 
SWITCH 
Figure (2-4a) shows an
 integrator with 
an FET switch 
which puts Rs in 
parallel with Rp d
uring the ON-state
. Rp 
is in effect durin
g the OFF-state. T
hese resistors are
 fixed. 
It is possible to 
change the apparen
t value of the int
egrator 
resistor by modul
ating ~he duty cyc
le of the control 
voltage 
on the switch. Th
e controlling volt
age on the switch
 is a 
square wave as sho
wn in Figure (2-4b), 
modulating the dut
y 
cycle by changing 
the parameters of 
the square wave su
ch as 
the on-period and 
the off-period. 
From Figures (2-4a) a
nd (2-4b) let : 
T = total cycle p
eriod, 
t(on) = ON period, 
t(off) = OFF period, 
R(on) = Rs in parallel
 with Rp, and 
R(off) = Rp 
Due to switching 
there is an effec
tive r~sistance R
(eff.) 
between nodes A an
d B governed by th
is equation : 
V V
 
V 
= 
+ 
R ( ef f) t(on) x R(on) 
/ T t(on) x R(off) 
/ T 
T [ t(on) x R(on) x t(
off) x R(off) 
R(eff) = t(on) x R(on) + t(off)
 x R(off) 
and the integrator
 cutoff frequency 
is 
-
17 -
(2-15) 
V H.P. 
1 
-
-
A R.s B 
- -
- -
Fig. (2-4a) FET switch with integrator 
t (on) 
It~ l(otll 
T---~ ... 
t 
Fig. (2-4b) The FET gate controlling voltage 
- 18 -
V 8.P. 
1 
-
-
1 
Wo (eff) = Rad/sec 
(2-17) 
R(eff) X C 
After adding the switches to
 the state variable filter 
as shown in Figure (2-5), the tra
nsfer function takes the 
same form as equation (2-14), but 
there is a change in the 
resonant frequency (Wo) depend
ing on the effective resis-
tance which will change wit
h variation in the duty cyc
le 
as shown above. 
The quality factor (Q) for 
the circuit in Figure (2-5) 
is as in equation (2-5) 2 X R2 + R 
Q = 
2 X R2 
It is clear that (Q) is inde
pendent of the switching fre
-
quency and its duty cycl_e. 
After solving for the trans
fer function in the fre-
quency domain for the filter
, in order to simulate the 
circuit in Figure (2-5) it is re
quired to put the transfer 
function in the time domain.
 The solution will be discu
ss-
ed in the next chapter. 
- 19 -
N 
0 
VtN B.P. LP. 
Fig.(2-5) State variable filter with FET ·switches · 
CHAPTER III 
THE MATHEMATICAL;MODEL AND TH
E 
NUMERICAL METHODS 
3.1 INTRODUCTION 
In order to design switched 
resistor state variable 
filters, it is desirable to h
ave a mathematical model for 
the frequency and time respon
se of the filter. 
This chapter will present th
e mathematical model for 
the band-pass filter. This m
odel represents the behavior 
of the electrical circuit. T
he behavior determined by an 
external enargy storage is 
called the "forced response",
 
and the behavior due to. inte
rnal energy storage is called
 
the "natural response". The
 forced response can be main
-
tained indefinitely by the co
ntinual input of energy. The 
natural response tends to de
crease. After the natural re
-
sponse level has become negl
igibly small~ conditions are 
said to have reached the stea
dy state. The period begin-
ning with the initiation of 
a natural response and ending
 
when the natural response be
comes negligible is called th
e 
11 transient period" • 
In addition, we will discuss
 two methods for solving 
for the four coefficients of
 the mathematical model. The 
first method explains the ma
thematical solution, and in a
 
- 21 -
subsequent section a computer program is explained
 which 
finds the coefficients. Also we will discuss how w
e can 
save considerable computing time. 
3.2 MATHEMATICAL MODEL 
In the present work.our general procedure consists 
of 
finding the complete response for the band-pass fil
ter. 
The complete solution for the band-pass filter out
put can 
be represented by a mathematical model : 
P1t P2 t 
Vout = Fl x e + F2 x e + F3 x sin Wt+ F4 x co
s Wt 
Where, 
~t 
Fl Xe + 
~t 
F2 Xe 
. Represents the natural response, and 
F3 x sin Wt+ F4 x cos Wt 
Represents the forced response, 
And we assume a sinusoidal input of unit amplitude
 and 
frequency (W). 
In this model there are four unknown coefficients 
(Fl,F2,F3,F4}. To solve for these coefficients, a mathe-
matical approach has been developed. 
- 22 -
3.3 MATHEMATICAL APPROACH 
The output voltage gerierated f
rom the SPICE program 
is represented by a two hundre
d point array. SPICE is a 
circuit simulation program th
at provides accurate device-
level simulations of the elec
trical characteristics of 
analog and digital circuits. 
It performs d.c., steady-
state analysis, transient tim
e-domain analysis, and small-
signal frequency domain analy
sis. More details on the use 
of the SPICE program in our w
ork will be discussed in 
Chapter 4. To save the comput
ing time, we limited the anal-
ysis to a two hundred point p
eriod. Because of this the ou
t-
put voltage does not reach the
 steady state condition. 
Since we have four unknowns in
 the mathematical mod-
el, we can take four points t
o solve for them. The array 
will have fifty sets of four 
points. Theoretically, the fo
ur 
coefficients should be equal 
for each set. But because of 
the noise introduced to the o
utput due to switching and the
 
errors due to the SPICE simul
ation, the coefficients turn 
out to be different. Therefor
e, we used an averaging tech-
nique to solve for these coef
ficients. 
Each set of the output voltag
e array can be represent-
ed by in matrix form, [Vout]. Let 
the incremental time be-
tween each point and the time 
between each of the sets be 
one dt and four dt respective
ly. Using equation (3-1) the 
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first set of equa
tions can be repre
sented by: 
Where 
Vout = [ A J X [:F 
J 
Vout J is a vector
 
T 
[ Vout J = [ Vl V2 
V3 V4 J 
i 
F is the coeff
icient of the so
lution 
T 
F = [ Fl F2 
!F3 F4 J 
. ! 
and [A] is a matr
ix 
pl t, Pzt1 sin 
e e 
wt, 
Pt t2 P2t2 
e e 
sin Wt2 cos W
t2 
[ A ] = 
P1 t3 P2 t3 sin 
e e 
Wt3 
P 1 t4 P2 t4
, 
e e 
sin Wt4 cos Wt4
 
-1 
In order to solve
 for F, we reguir
e [A] • Since we 
-1 
have fifty sets o
f data we must ca
lculate [A] fifty 
times. 
We can change thi
s by introducing 
a mathematical te
chnique. 
The advantage of 
this technique is
 that it saves co
nsider-
able computing tim
e by inverting t
he [A] matrix only o
nce 
for calculating c
oefficients. 
-
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The procedures for the mathematical approach are as 
follows: 
Define Al ] such that: 
P, t, P2 t 1 jWt, -jwt1 
e e e e 
P1 tz P2 t2, jWtz. -jW~ 
e e e e 
[ Al ] = 
Pa t3 P2.t3 jWt3 -jwt3 
e e e e 
P1t4 P2,t4 jWt4 -jW 
e e e e 
Then 
[ A ] = [ Al ] x [ H ] 
[ H ] = 
so that 
1 
0 
0 
0 
0 
1 
0 
0 
0 
0 
-0.5j 
0.5 
0 
0 
0.5 
0.5 
[ vout ] = [ Al ] X [ H ] X [ F ] 
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( 3-3 ) 
3-4 ) 
Define [ Bk '] 
4k~dt 
e 0 
0 0 
0 
4kP2dt 0 0 e 
l Bk] = 4kjWt 
0 0 
e 0 
-4kjWdt 
0 b 0 
e 
Let the first set of ~oltages be Vo(tl=O) ,and let the 
the succeeding sets be v1,v2, ••••• , 
(tl=4dt,8dt, •••••• ) 
i.e for the first set (k=O) 
T 
VO = l Vl, V2, V3, V4 ] , (tl=O , t2=1 dt, t3=2 dt, t4=3dt), 
for the second set: (k=l) 
T 
Vl = [V5, V6, V7, V8] , (tl=4dt, t2=5dt, t3=6dt, t4=7dt), 
for the third set (k=2) 
T 
V2 = [V9, VlO, Vll, Vl2], (tl=8dt, t2=9dt, t3=10dt, t4=lldt) 
and so on. 
Then [ Vk 1 = l A 1 1 x [ Bk l x l H 1 x l F 1 
Where l Bk 1 x l H l = 
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0 
4kP\ dt 0 0 
e 
4kPtdt 0 
0 
0 e j4kWdt 
j4kWdt 
0 
0 
:... { j /2) X e {1/2) 
X e 
-j4kWdt 
j4kWdt 
{j/2) X e {1/2) 
X e 
And l A\} X l Bk ] X l H ) = 
P1(t1! 
+ 4Kdt) 1 2(t1 
+ 4Kdt) sin w(t1 + 4Kdt) 
cos w(t1 + 4Idt) 
e 
e 
p1(t2 + 4Kdt) 
Pit2 + 4Kdt) sin w(t.2 + 
4Kdt) cos w(t.2 + 
4Kdt~ 
e 
e 
P1(t3 + 4Kdt) 
1 2(t3 + 4Kdt) sin w(t.3 + 
41tdt) cos w(t3 
+ 4kdt) 
e 
e 
'f 1(t4 + 4Kdt) 
'f2(t4 + 4Kdt) sin w(t4 + 
4Kd:t) cos w(t.4 
+ 4Idt) 
e 
e 
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Inverting equation ( 3-5) to solv
e for [ F 1 
-1 ~l -1 
F ] = [ H ) X Bk ] X [ Al ] X [
 Vk ] ( 3-6 ) 
Where 1 0 0 0 
-1 0 1 0 
0 
[ H ] = 
0 0 1. j -j 
' 
0 0 il 1 
and 
-4kP.dt 
e 0 
0 0 
-4kqdt 
0 e 
0 0 
[Bk] = 
-j4kWdt 
0 0 
e 0 
j4kWdt 
0 0 
0 e 
Referring to equation ( 3-3 
[ A ] = [ Al ] X [ H ] 
( 3-7) 
Inverting equation ( 3-7 
-1 -1 -1 
A ] = [ H ] x [ Al ] 
-1 -1 
Al ] = [ H ] x [ A ] 
( 3-8 ) 
Substituting in equation 
3-6), we have 
-1 -1 
-1 
[ F ] = [ H ] x [ Bk ] X [ H ) X [ 
A ] X [ Vk ] 3-9 
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-1 
Note that [A] is 
calculated only 
once for the in
itial 
case corres
ponding to the 
first set. The 
only calculation
s 
that need to be 
done for every 
set are the eva
luations of 
the matrix [Bk] an
d the -vector [Vk]. 
Consider a typic
al example to sh
ow the values o
f the 
entries for the
 [A) matrix where th
e incremental ,t
ime dt 
between each po
int is one dt. 
Refering to Fig
ure (2-5) let: 
R4p=R5p=Rp=l00k
, 
R4s= R5s=Rs= lO
k, 
and Cl= C2=0.0
0luf. 
As described in 
Section (2-3) using
 equation (2-16), 
at 50% duty cyc
le the effective
 resistor acts 
like twice 
Rp in parallel 
with Rs. 
The effective r
esistance (Reff.) =
 2 x 
(Rp x Rs) 
(Rp + Rs) 
= 18.2 k 
1 
The effective c
utoff frequency 
(Wo) = Reff x C 
= 54.95E03 Rad
/sec 
-
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.. ·-
- ' .. 
And Q for the circuit= 
= 6 
The poles (pl and p2) wpich 
indicate the character 
of the 
natural response can be
 found from the denomi
nator of the 
transfer function (equa_tion 
2-4): 
2 wo 2 
S + S + Wo = 0
 
Q 
Wo Wo 2 2
 1/2 
--
+ (( - ) - 4 X Wo 
) 
Q Q 
Pl , P2 = 
(3-10) 
2 
3 3 
Pl = -4.6 X 10 + j 54.8
 X 10 
3 3 
P2 = -4.6 X 10 j 54.8 X 
10 
In the case where the 
input frequency (f)=lkHz and
 
the incremental time be
tween each point is one
 micro-
second, the matrix [A] ta
kes these values : 
-
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1.ooo+j.000 1.ooo+j.000 o.ooo+jo.o 1.oo+jo.a 
o.994+j.055 o.994-j.055 o.ooG+jo.o 1.oo+jo.o 
o.9B5+j.l0B o.9B5-i-lOB o.013+jo.o o.99+jo.o 
o.973+j.16l o.973-j.161 o.019+jo.o o.99+jo.o 
-1 
and the matrix l A 1 is 
-.9E03-j.3E04 
.7E03+j.3E04 
.7E03+j.3E04 
-.9E03+j.3E04 
-.5E05+j.3E-20 .2E06-j.2E-19 -.2E06-j.1E-19 .5E05+j.9E-20 
-.2E04-j.9E-22 -.5E04+j.5E-21 .4E04+j.4E-21 -.1E04+j.3E-21 
.2E04+j.9E04 -.2E04-j.9E04 
.2E04+j.9E04 -.2E04-j.9E04 
It is clear that the matrix l A J is ill conditioned 
and will make the matrix l A J inversion more sensitive 
to error. increasing the incremental time between each 
point to four dt, and with the same values for W, wo, Q, 
Pl, and P2 in the above example the matrix [Al takes these 
values: 
1.oo+jo.o 1.oo+jo.o 
.oo+jo.o 1.oo+jo.o 
.96+j.21 .96-j.21 
.o3+jo.o .99+j0.0 
.s7+j.41 .87-j.41 
.os+jo.o .99+j0.0 
.75+j.58 .75-j.58 
.os+jo.o .99+j0.0 
-1 
And the matrix 
[A) is equal to 
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-.3E02-j.4E02 
.8E02+j.1E03 -.7
E02-j.1E03 .2E
02+j.5E02 
-.3E02+j.4E02 
.8E02-j.1E03 -.7
E02+j.1E03 .2E
02-j.5E02 
-.8E03+j.9E-24 
.2E04+j.4E.:..23 -.2
E04+j.6E-23 .9E
03-j.1E-23 
.6E02-j.5E-25 -.2
E03-j.3E-24 .1E
03-j.3E-24 -.4E02
-j.6E-25 
Now the inve
rsion of [A] is
 more accura
te. In the si
m-
ulations, ho
wever, the co
nsecutive ou
tput values a
re only 
one microseco
nd apart. Lo
nger interval
s between po
ints can 
be made by re
arranging the
 output array
. The rearran
gement 
of the _outpu
t voltage arr
ay is done iu
 the followin
g manner: 
C~oose four d
t intervals b
etween each p
oint and one 
dt 
interval betw
een each set.
 
Then, the fir
st set is 
T 
VO=[Vl, VS, V9
, V13] , {tl=O,
 t2=4dt, t3,..8dt
, t4=12dt) 
the second se
t is : 
T 
Vl= [V2, V6, VlO
, Vl4] , ( tl=ld
t, t2=5dt, t3
=9dt, t4=13dt
) 
the third se
t is 
T 
V2=[V3, V7 1 V
ll, VlS] , (tl=2
dt, t2=6dt, t3=
10dt, t4=14dt
} 
and so on 
The four dt 
intervals bet
ween each po
int and one d
t 
interval betw
een each set 
yielded grea
ter accuracy 
for the 
(F's) for the ci
rcuit in Fig
ure (2-1). Using
 the above re
ar-
ranging schem
e still prov
ides nearly t
ifty data set
s which 
can be averag
ed to genera
te an estima
te of the co
efficients 
(F's). Further e
xplanations o
f the correc
tion techniqu
es 
will be discu
ssed in Chap
ter 4. 
-
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3.4 MATHEMATICAL SO
LUTION FOR THE MOD
EL 
In this section we 
wili describe the 
numerical proce-
dure for solving f
or (F's) using the mat
hematical model 
developed (equation 3-
1). 
P1 t 
Pat 
Vout = Fl e + F2
 e +. F3 sin Wt+
 F4 cos Wt 
' 
By examining the s
teady-state respon
se of the system 
to the unit sinuso
idal ~ignal, the fo
llowing equation a
p-
plies: 
H(jw)=F3 sin Wt+ F4 cos
 Wt 
where S=jW 
The knowledge of H
( jW) is sufficient to 
evaluate 
the steady-state re
sponse of a linear
 system. 
Wo 
-
( 
-
) X jW 
Q 
H (jW} = 2 2 WO
 X w 
Wo w ) + j Q 
Where the real par
t of H(jW) is equal to F
3 and the 
imaginary part is 
equal to F4. 2 
-
( w X WO I Q ) 
Re( H(jW) ) = 
= F3 (3-11) 
2 2 2 
2 
Wo - w ) + ( WO X W / Q ) 
and 2 2 
-
(W X Wo / Q) X (WO - w 
) 
Im ( H (jW) ) = 
= F4 {3-12) 
2 2 2 
2 
( Wo - w ) + ( Wo X W I Q -> 
-
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Using the values given in 
the above example for w, W
o, 
and Q we can find the coeffici
ents (F's) of the model equ-
ation (equation 3-1). 
W = 2 X 3.14 X 1000 
Wo= 54.95 rad/sec. 
Q = 6 ,· 
rad/sec. 
F3 and F4 can be calcuiated
 from the steady-~tate resp
onse 
as described above: 
F3 = 
And 
-
F4 = 
( 
2 
- ( Wo X W / Q ) 
2 2 2 
Wo - W) 
2 
+ ( Wo X W / Q) 
2 2 
( Wo X W / Q ) X ( Wo - w )
 
2 2 2 
2 
WO - w ) + ( WO X W / Q ) 
-4 
= -3.72 X 10 
-2 
= -1. 93 X 10 
Then Fl and F2 can be calc
ulated as follows: 
The initial conditions are
: 
.at t=O and Vo=O and dV
o/dt=O (3-15) 
(3-13) 
(3-14) 
Then substitute in the mat
hematical model equation (3-1) 
Fl + F2 + F4 = 0 
(3-16) 
Differentiating equation 
( 3-1 ), we have 
-
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dvout P, t P2 t = P, Fle + P, F2e + W F3 cos Wt - W F4 sin Wt 
••••• (3-17) 
dt 
Then from equation (3-15) into (3-17), 
0 = P
1 
Fl + P2. F2 + W F3 
(3-18) 
Substituting for F3 and F4 from equations (3-13), (3-14) 
into equations (3-16) and (3-18), 
-2 
0 =Fl+ F2 - 1.93 X 10 
-2 
Therefore, Fl= 1.93 x 10 - F2 
and (3-19) 
3 3 
0 = (-4.6 + j54.8) X 10 X Fl+ (-4.6 - j54.8) X 10 X F2 
(3-20) -4 
+ 2 X 11 X (-3.72 X 10) 
From equations (3-19) and (3-20) we can solve for Fl 
and F2. Thuse, 
-3 -4 
Fl ~-9.65 x 10 - jS.314 X 10 
and 
-3 -4 
F2 = -9.65 X 10 + jS.314 X 10 
Mathematically we have solved for the coefficients 
(F's) for the model. A discussion of the errors due to the 
SPICE simulation and the noise introduced by the switches 
will be given in the next Chapter. 
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CHAPTER IV 
COMPUTER METHODS F
OR CIRCUIT ANALYSI
S 
4.1 INTRODUCTION 
The computer can p
rovide most of the 
information 
such as the evalua
tion of response v
ariations due to 
small changes in n
etwork elements an
d changes due to t
he 
presence of parasi
tics ~t negligible com
putation cost. 
The computing time
 is short for the 
relatively small n
um-
ber of elements in
 the linear networ
k considered here.
 
This chapter shows
 how to calculate 
the response of 
such a switched-re
sistor state variab
le filter. It is 
required to simula
te the basic circu
it and devices such
 
as the UA 741 Ope
rational Amplifier 
( Fairchild Linear 
Integrated Circuit
) and the CD4016 analo
g switch. Since 
the SPICE program 
has the capability
 to simulate a larg
e 
variety of integra
ted and discrete c
ircu·its, and it ca
l-
culates the transi
ent, nonlinear an
d d.c. response, a
nd 
provides small-sig
nal frequency doma
in analysis, it was
 
decided to use the
 SPICE program to 
do the circuit sim
-
ulation. We then d
iscuss the compute
r simulation to so
lve 
for the coefficien
ts (F's) of the mathem
atical model by 
using a Fortran pr
ogram. Also discus
sed is the elimina
tion 
of noise introduced
 by the switches, 
by using an averag
ing 
technique. 
-
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4.2 THE CONTRO
LLED-SOURCES 
Models used by 
the SPICE progra
m for the simu
lati~n 
of the operatio
nal amplifiers 
and the analog 
switches re-
quire the use o
f controlled-so
urces. Controlle
d-source 
elements are ve
ry impor~ant in
 electronic cir
cuits and are 
basic constitue
nts of electron
ic-device model
s. 
Although these 
models are idea
lizations, in co
njunc-
tion with appro
priate RLC elem
ents, they can 
adequately 
represent actua
l electronic de
vices in the lin
ear operat-
ing mode. Contr
olled-sources ca
n be used to re
present ac-
tive as well as
 passive elemen
ts. 
There are four 
types of contro
lled sources: 
l. A linear vol
tage-controlled
 voltage source
 whose 
terminal voltag
e is linearly r
elated to contr
ol-
ling voltage. 
2. A linear cur
rent- .controlle
d voltage sourc
e whose 
terminal voltag
e is linearly r
elated to a con
trol-
ling current. 
3. A linear cur
rent-controlled 
current sourc
e whose 
terminal curren
t is ·linearly r
elated to a con
trol-
ling current. 
4. A linear vol
tage-controlled 
current sourc
e whose 
terminal curren
t is linearly r
elated to a con
trol-
ling voltage. 
-
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4.3 USING TH
E SPICE PROGR
AM FOR DESIGN
 SIMULATION 
4.3.1 THE OPE
RATIONAL AMPL
IFIER SIMULATI
ON 
The simulatio
n for the ope
rational ampl
ifier used a 
linear voltag
e controll~d 
voltage sourc
e, and it was 
used 
as a subcircu
it op-amp; Fig
ure (4-lb) show
s the linear 
model of the 
741 operation
al amplifier,
 as two linea
r 
voltage contr
olled voltage
 sources. The
 purpose of a
dding 
the second vo
ltage controll
ed voltage so
urce is to pr
o-
vide output i
solation. 
For an ideal 
operational a
mplifier: 
Ibl=O, 
Ib2=0, 
Vos=O 
the input res
istance is in
finite, 
the output re
sistance is z
ero, and 
the voltage g
ain is infini
te. 
Actual operat
ional amplifi
ers do not hav
e infinite 
gain or bandw
idth. In fact, 
they have a b
andwidth of s
ev-
eral Hz only 
and gain of a
pproximately 
lOES. This fa
ct must 
be taken into
 account by m
odeling their 
properties mo
re 
realistically
. For the pra
tical case the
 bias and off
set 
generators ar
e not set to
 zero. 
4.3.2 CMOS 
SWITCH SIMULA
TION 
-
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Fig. (4-la) The ideal operational amplifier. 
Ro 
Vour 
J_ 
-
-
-
-
-
-
Fig. (4-lb) The circuit simulation for the operational am
plifier. 
CMOS switches co
mbine P-channel 
and N-channel en
-
hancement mode F
ETs in a common 
substrate. P-cha
nnel en-
hancement mode F
ETs have a nega
tive threshold v
oltage (~he 
gate must be sev
eral volts more 
negative than th
e source 
or drain in orde
r to control the
 current flow be
tween the 
source and drain
}, while N-channel 
FETs have a pos
itive 
threshold. 
By connecting an
 N-channel FET 
in parallel with
 the 
P-channel device
, the N-channel 
gate is tied to 
the posi-
tive supply, and
 the FET is turn
ed on hardest w
hen the 
source is most 
negative. 
The CD4016 was u
sed because of t
he advantages o
f the 
CMOS switch, (as di
scussed in Chap
ter I ) which gives 
accep-
table accuracy w
ith wide voltage
 control. It is 
a bilateral 
analog switch su
itable for ~ny o
ff-on applicatio
n. The 
supply source ca
n be +5 and -5 v
olts and the ana
log input 
signal can be 10
 volts peak-to-p
eak. The control
 input is 
essentially an o
pen circuit req
uiring no drivin
g current. 
A signal of +S 
volts turns the 
switch on and -5
 volts turns 
it off. 
SPICE PROGRAM pr
ovides three MO
SFET device mode
ls which 
differ in the fo
rmulation of th
e I-V character
istic. Level 
1 was used here 
because it fits 
the CD4016 best.
 The d.c. 
characteristic 
of the MOSFET is
 defined by the 
following 
parameters: - 40 -
VTO zero-bias threshold voltage which determines the 
variation of drain current with gate voltage. 
VTO is a positive {negative) for enhancement mode 
N-channel {P-channel) devices, 
LMBDA {channel-length modulation), which determines the 
output conductance, 
KP ( transconductance ) , 
PHI {surface potential), and 
GAMA {bulk threshold). 
These parameters are computed by SPICE if the process 
parameters {NSUB {substrate doping), TOX (oxide thickness), 
•••• ) are given. The parasitic drain and source series re-
sistance can be expressed either as Rd {drain ohmic resis-
tance) or as Rs {source ohmic resistance) in ohms. The 
other parameters describing the junctions can be defaulted. 
The circuit model for a CMOS switch is as shown in Fig-
ure {4-2). Two complementary transistors {one n-type and one 
p-type are connected in series across the power supply (Vdd 
and Vss). This circuit is called an inverter. The gates to 
to the two transisto~s are connected together and provide 
a single common input terminal (node 3). The output signal 
is obtained from the connection point between the drain of 
then-channel device and the drain of tha p-channel device 
(node 2) • 
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Fig. (4-2) The circuit model for CMOS switch. 
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In another basic c
ircuit, complementa
ry MOSFET's are 
connected in paral
lel, this circuit i
s called a transmi
s-
sion gate. In this 
circuit , both tran
sistors are either 
OFF or ON at the sa
me time. When they
 are ON, the outpu
t is 
connected to the in
put ~nd has essent
ially the same volt
age 
as the input. When 
thei' are OFF, of co
urse, the output is
 
disconnected from 
the input. 
4.3.3 THE IDEAL SW
ITCH SIMULATION 
The evaluation of 
the coefficients (F's) 
turned out 
to be incorrect aft
er adding the CMOS 
switches in our an
a-
lysis. Since the e
rror was suspected 
to arise from the 
char-
acteristic (Ron) of the
 switches, it was 
decided to study 
the output respons
e under the ideal s
witch case. 
The simulation for 
the ideal switch w
as done as a 
nonlinear voltage 
cogtrolled current 
source. SPICE allow
s 
circuits to contai
n dependent sources
 characterized by 
any 
of the four equatio
ns: 
i=f (v) 
v=f (V) 
i=f(i) 
v= f { i) 
-
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In the present work, 
the function is two-d
imensional, 
with two arguments. T
he polynomial f(.) specifie
s the source 
current as a function
 of the controlling v
oltages. Figure 
(4-3) shows a nonlinear vol
tage controlled curren
t source. 
Figure (4-4) rep;esents th
e ideal switch connect
ed 
in series with an inte
grator filter. Vl is 
the input voltage 
to the ideal switch (th~ o
utput voltage from the
 high-pass 
filter) and V2 is the cont
rolling voltage on the
 switch. 
The computed coefficie
nts for the ideal swi
tch sim-
ulation were comparab
le with the results f
rom the CMOS 
switch simulation. 
4.4 THE COMPUTER METH
OD TO CALCULATE MODEL 
COEFFICIENTS 
A Fortran program was
 developed to solve fo
r the co-
efficients (F's) of the ma
thematical model given
 in Chapter 
3. A manual computatio
nal method used to ca
lculate the ma-
-1 
trix (A] relating to the 
first set of the volta
ge array 
generated by the SPICE
 program, turned out 
to be unsuccess-
ful because the matrix
 [A] was ill conditioned.
 The computer 
method using a system 
subroutine called LEQ2C su
ccessfully 
-1 
calculated the matrix 
[A] • 
-
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Fig. (4-3) A nonlinear voltage controlled current source. 
Vl is the input voltage and V2 is the controlling voltage on 
the switch. 
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The circuit model for the ideal 
switch 
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1 
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In the case wi
thout the switc
hes as shown i
n Figure 
(2-1) for the stat
e variable fil
ter, the evalu
ations for 
the coefficien
ts (F's) were made
 for several v
alues of in-
cremental time
 between each 
point and betw
een each set. 
The results fro
m the co~pute
r program show
ed various de-
grees of agree
ment wit~ the 
mathematical r
esults shown i
n 
Chapter 3. The
 most accurate
 results came 
from using the
 
·' 
incremental tim
e between each
 point as four
 micro-seconds
 
and the increm
ental time betw
een each set a
s one micro-
second,using 
the data reorde
ring scheme de
scribed in Cha
p-
ter 3. The valu
es for the coe
fficients (F's) fo
r two dif-
ferent input f
requencies wil
l be shown in 
the next chapt
er. 
After adding t
he switches to
 the state var
iable filter 
as shown in Fi
gure (2-4 ), and by 
using the meth
od described 
above to evalu
ate the coeffi
cients, the re
sults from the
 
computer progra
m did not agre
e with the ma
thematical re-
sults. This in
dicates that a
dding the swit
ches increased
 
the noise in t
he output of e
ach filter. An
 averaging tec
h-
nique was used 
to filter this
 noise. 
The output dat
a is preproces
sed before the
 algorithm 
to calculate c
oefficients is
 applied. The 
preprocessing 
consists of ap
plying a slidin
g window integ
rator to the d
ata, 
resulting in a
 filtered set 
of points follo
wing the form
ula, 
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j+N 
voj = (1/N) I:: Voi 
- l:j ' 
where voi and voj represent original and processed data, 
respectively. 
This technique acts like a low-pass RC filter. Averaging 
over a window of eight points is the same as a -20 dB/decade 
low-pass filter with a cutoff frequency of 125 kHz. Averaging 
over a window of sixteen points represents a -20 dB/decade 
low-pass filter with a cutoff frequency of 62.5 kHz. 
The optimum results were obtained by the use of a window 
of sixteen points, an incremental time between each point 
of four dt, and an incremental time between each set of 
one dt. This will be shown in Chapter 5. The flow chart 
for the computer program is given in Appendix A. 
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CHAPTER V 
RESULTS 
5.1 INTRODUCTION 
This Chapter presents the compariso
n between the man-
ual and computer computation for th
e unswitched and the 
' 
switched cases. Also d{scussed is an experi
mental study 
for the switched case.· 
The mathematical model for the solu
tion of the trans-
fer function for the band-pass filt
er, represented by the 
equation {3-1} in Chapter 3, was used for t
he analysis of 
the natural and forced responses {the comp
lete response). 
The computational scheme and the n
umerical procedure used 
to solve the coefficient (F's) of the math
ematical model 
were presented in Chapter 3 • The c
omputer algorithm was 
described in Chapter 4, and a flow
-chart is given in 
Appendix A. 
5.2 COMPARISON BETWEEN THE MANUAL
 AND COMPUTER RESULTS 
5.2.1 THE UNSWITCHED CASE 
The AC analysis generated by the S
PICE program pro-
vided the frequency and phase respo
nse plots shown in Fig-
ures {5-1),(5-2), and (5-3) for the state 
variable filter· 
without the switches, as shown in 
Figure (2-2). 
The behavior of the complete and fo
rced responses for 
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the band-pa
ss filter o
utput volta
ge are plot
ted in Figu
res 
(5-4) and (5-5
) for two diff
erent input
 ~requencie
s. If 
the compute
r program i
s correct t
he coeffici
ents result
ing 
from the co
mputer meth
od should a
gree with t
he mathema
tical 
method pres
ented in C
hapter 3. 
Calculation
s for the c
oefficients
 were made 
for two 
different i
nput freque
ncies. Com
parison betw
een the man
ual 
and compute
r computati
on for the 
coefficient
s is shown 
in 
Table 5.1. 
It shows th
e compariso
n for input
 frequencie
s 
of 8.0 kHz 
and 10.0 kH
z. 
The compute
r program w
as tested by
 solving fo
r the 
center freq
uency (Wo), fr
om the valu
e of the co
efficients 
F3 and F4 a
s described
 in Chapter
 3. ~ecall 
equations (3-
11) and (3-12
) 
F3 = 
F4 = 
2 
( wo 
2 
-
( WO X W / 
Q ) 
2 2 
2 
W ) + ( W
o X W / Q) 
{ Wo X W / Q )
 
2 
wo 
2 
w ) 
2 2 
2 
( wo w +
 ( WO X W / Q)
 
Solving the
 above two 
equations f
or Q we have
: 
F4 X Wo x W
 
Q = 2 
F3 ( Wo 
2 
w ) 
-
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TABLE 5.1 
COMPARlSON BErWEEN THE MANUAL AND coourER 
coMPtJrATION FOR THE COEFFICIENTS FCR 
TWO DJFFERENI' INPUT FREQUENCIES 
FOR INPUT FRmUENOY 
EQUAL TO 8.0 KHz, 
FOR INPUT FREQUENC! 
EQUAL "TO 10. 0 l<Hz. · 
COEFFICIENI'S MANUAL CALCULATION 
COMPUTER CALCULATI 00 MANUAL CALCULATION COMPUTER CALCULATION 
.. 
U1 
I.D 
F1 0,248 + j0.21113 0.2.54-6 -
j0,2484 -0.2245 - j0,161 -0,2J78 -
j0,14.54 
F2 0.248 + j0,21113 
0,2456 + j0,2484 -0.2245 + j0,161 
-0,23?8 + j0, 14.54 
FJ -o.4604 + j0,0 -0.482 + j0.0 
-0,2803 + jO.O -0.275 + j0,0 
F4 -0.496 + jO.O -0,513 
+ j0.0 o.449 + j0,0 
0,4724 + j0,0 
. .. . . ... . -
___ ... --------·· 
At two different input frequencies Wl, and W2 near 
the center frequency the above equation yields, 
WO X ~~I (5-2) 
-Ql = 
WO X Wz (5-3) 
Q2 = 
subscripts l and 2 refer to the cases corresponding to 
the two input frequencies. 
since Q is constant for the basic circuit, 
Ql=Q2=Q, Th US 
Wo X W1 
(5-4) 
2 "t ) = 
wo - \\ 
solving the above 
equation for wo we 
have: 
1 
F4 
2 F4 
2 
-
) W X w - ( --- ) 
w X w 2 
F3 1 1 
2 F3 1 
2 1 
-
(5-5) 
WO = -
F4 ) w ( 
F4, ) w 
-
-
F~ 1 1 
F3 2 2 
The values of the 
manual and computer 
c_omputation are 
shown below, and the 
agreement is good. 
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5.2.2 
plotted 
4) • The 
Manual computatio
ns: ~o = 54.95E
03 Rad/sec 
Computer method: 
Wo = 55.08E03 R
ad/sec 
THE SWITCHED CASE
 
The output respon
se for the transi
ent analysis is 
in Figure (5-6) for 
the circuit shown
 in Figure (2-
averaging techniqu
e was used to elim
inate the noise 
that appeared aft
er adding the swi
tches as describe
d in Chap-
ter 4. Figure {5-7) 
shows the transie
nt analysis for a
verag-
ing output over a
 window of eight 
points, and Figur
e (5-8) 
shows the output 
for averaging ov
er a window of six
teen 
points. Several c
alculations were 
made for various 
on-off 
intervals and fal
l and rise times 
of the square wav
e control-
ling the switche
s. The best agree
ment between the 
manual and 
computer calculat
ion was obtained 
by choosing the c
omputa-
tional interval o
f the transient r
esponse and the r
ise and 
fall time of the 
square wpve equa
l to 0.2 micro-se
cond, and 
averaging over a 
window of sixteen
 points. The i~cr
emental 
time between each
 point and betwee
n each set was 4.
0 micro-
seconds and 1.0 m
icro-second, resp
ectively, as desc
ribed 
earlyer. 
Table 5.2 shows t
he comparison bet
ween the manual 
computation and t
he computer resu
lts for the coeff
icients 
for two different
 input frequencie
s (8.0 KHz and 10.0 K
Hz) 
for the switched 
case. 
-
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I 
°' U1 
t 
CCEFFICIENTS 
TABLE 5.2 
COMPARlSON .BE"I'WEEN THE MANUAL AND COMPt1I'ER 
CALCULATION FOO THE CCEFFICIENTS FOR 
TWO DIFFERENI' INPUT FREQUENCIE3 
FCE INPUT F~UENCY 
!i,QUAL TO 8. 0 KHz, FOR INPUT FREQUENCY EQUAL TO 10,0 KHz. 
MANUAL CALCULATION COOPUTER CALCULATION MANUAL CALCUUTION COMPUI'ER CALCULATION 
0.248 + j0,21113 0.2609 - j0,206 
-0.2245 - j0.161 
-0.2094 - j0.1123 
0.248 + jo,21113 0,2609 + jo.206 
-0.2245 + jo.161 
-0.2094 + j0.1123 
-0,4604 + j0,0 -0,4056 + jO.O 
-0.2803 + jO.O 
-0.3252 + j0,0 
-0,496 + jO,O 
-0,587 + j0,0 0,449 + jO,O 0.2996 + jO.O 
The agreement is good for the calculation of the c
enter 
frequency (Wo) as shown below: 
Manual computation 
Computer calculation 
Wo = 54. 95E03 rad/sec 
Wo·= 57.6E03 rad/sec 
Figures (5-9), (5-ilO), and (5-11) show the complete 
and forced responses for several different square 
wave duty 
cycles and input frequencies. 
A comparison between the manual and computer cal-
culation for (Wo) in equation (5-5) is shown in Figure (5-
12). The results are tabulated in table 5.3 
5.3 AN EXPERIMENTAL STUDY 
A slightly modified test circuit using the CD4016 i
n 
series with the resistor {10k for each integrator is 
shown in Figure (5-13). Let R4s and R5s be equal to 10 k. 
For a 50% duty cycle, the 10 k acts like a 20 k 
res is-
tor. At 10% duty cycle, it acts like a 100 k resis
tor, as 
is evident from equation {2-16), where R4p = R5p are equal 
to infinity. 
Figure {5-14) shows the correlation between the ma.nual 
computations and the computer results for the cent
er freq-
uency at different duty cycles and different input
 freq-
uencies. The numerical results are tabulated in Ta
ble 5. 4. 
Figures (5-15), {5-16), and {5-17) show the complete_ and 
f creed responses at different input frequencies fo
r this 
study. 
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TABLE 5,3 
COO'ARISON BETWEEN THE MANUAL COOUTATION AND THE COOUTER RESULTS 
The On Period 
{ micro sec , ) 0,2 o.4 o·.8 1.6 
3,2 6.4 7.2 
Duty cycle {%) 2.6 5.3 10.5 21,1 
42,0 84.0 ··a· ,95•0 
' 
The center frequency 
...J (wo) 
0 From the manual 
computation 
(K, ra.d,/sec,) 2.86 5,BJ 11,55 23,21 
46.2 92.4 · 1o4,5 
The center frequency 
(wo) 
from the computer 
results 
(K, rad,/sec.) 2,55 6,14 13.64 23,97 
48,98 90,99 102.1o4 
0 
X 
0 
0 
0 
N I ____________ __:. ____ __;_ ________
__ _
__, 
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Fig. (5-12) Comparison between manual and computer 
calculation for the center frequency verses the 
duty cycle for the circuit in Fig. (2-4) 
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. (5-13) 
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The ON Period 
(mic;-o sec.) 
Duty cycle (%) 
....J 
.s. The center frequency 
(w) 
0 
From the manual 
computation 
(K, rad,/sec,) 
The center frequency 
(wo) 
from the computer 
results 
(K, rail./sec,) 
TABLE 5, 4 
COMPARISON BETWEEN THE MANUAL COMPtrrATION AND THE 
COMPtJrER RESULTS FCR THE EXPERIMENI'AL STUDY 
0.2 o.4 a.a 1.6 3.2 6.4 7,2 
2.6 5,J 10.5 21.1 42.0 84.0 95.0 
2.6 5,J 10.5 21,1 42,0 84.o 95.0 
1,8.5 4,9 8,2 20.3 40,4 80,5 91,4 
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ental study. 
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CHAPTER VI 
CONCLUSIONS 
The main purpose of 
this paper is to inv
estigate how 
the cutoff frequency
 of the state variab
le filter can be 
changed electronical
ly. ~his is achieved 
by using a switching 
switching technique,
 wh1ch changes the a
pparent value of a 
fixed resistor by va
rying the duty cycle
 of a switching· 
waveform controlling
 a CMOS analog switc
h connected in 
series with the resi
stor. The purpose of
 this work was to 
devolop a simulation
 technique which wou
ld help verify cer-
tain mathematical as
sumptions regarding 
the design of switche
d 
resistor filters. 
A method for the ana
lysis of switched res
istor state 
variable filters usin
g general purpose ci
rcuit simulation 
programs has been pr
esented. The SPICE p
rogram was used for 
circuit simulations 
and analysis. A Fort
ran program was de-
veloped to solve for
 the coefficients of
 the mathematical 
model. It was found 
that adding the switc
hes introduced a 
noise in the output 
of each filter. This
 caused the computer 
simulation to disagr
ee with the manual c
alculation. An 
averaging technique 
was used to decrease
 the noise intro-
duced by the CMOS sw
itch. This resulted i
n good agreement 
between the computer
 simulation and the 
manual calculation, 
thus achieving the s
tated objective. Results o
f the simu-
-
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lation were presented in the text. 
The switched resistor filter has advantages in noise 
level and frequency range compared with the switched 
capacitor filter. This switching technique is particularly 
important in electronic 
1
circuits such as for audio appli-
cation where a several ~undred-to-one frequency range is 
. 
desirable without manuai switching. It gives also several 
reasonable and cheap ways 1 to achieve acceptable accuracy 
with digital or voltage control. The advantage of this 
method is that we can get very accurate tracking for four, 
six, eight, or as many resistors as we like, and the price 
of each extra resistor is much less than that of a CMOS 
switch. 
The limitations of the method are that the 
switching frequency must be much higher than the center 
or cutoff frequency, and that noise and distortion effects 
must be carefully controlled. Another problem is the re-
sistor which takes up more area on an integrated circuit 
than capacitors do in general. 
Further study should be done to increase the 
frequency ~ange of the filter and investigate the effects 
on the phase angle and slope of the frequency response. 
Distortion analysis would also be an interesting project. 
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APPENDIX A 
A FLOWCHART FOR .TH
E COMPUTER 
PROGRAM 
Start 
i 
Input Data 
Pl,P2,Delta Wl,W2
, 
Vout,and Setdelta 
Delta=4 u.s. 
l Calculate interies of 
I t
he matrix [A] 
------
r -
Call subrotine (LEQ2C)
 
to calculate [Af
1 
! 
Define matrix [ HJ' 
r 
Calculate [G] 
[G] =[HJ* [A) 
-~ -
Read Vout,Time 
Data from the SPICE 
program 
! 
Loop KN=l,184 
I=l,16 
1 
Define a window of 16 points 
! 
Calculate TR 
TR=TR+Vout(KN+I-1) 
I 
MN=O 
Loop LL=l,172 
LM=l,4 
I 
MN=MN+l 
1 
Define VVf (MN) 
VVf(MN)=Window(LL+(LM-1)*4) 
a\ 
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D E 
\ r.etdel ta•l u.s. J 
I 
calculate the 
matrix [B1 ] 
\
--= c1culate lA1 -\ 
[A1 == [B1 * [G} 
-----
YES 
NO 
\_ print [A) _\ 
- i -
\ continue 
- i -
I 
LOOP I=l,4 
_\ J=l,4 
l 
- 84 -
, 
D 
Calculate F(I,J): 
F(I,J)=F(I,J)+[A]*VVf(4
*KK+J) 
NO 
Calculate Fa(I,J): 
Fa(I,J)=(KK*Fa(I,J)+F(
I,J)/(KK+l) 
1 
KK=KK+l 
YES 
---
---
---
---
-< 
Wo= 
Print Fa(I,J) 
1 
Calculate Wo 
(F4/F3)*Wl*W2-(F4/F3)*W
2*Wl 
(F4/F3)*Wl-(F4/F3)*W2 
1 
Stop 
-
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